Interferon-c (IFN-c) is a pleiotropic cytokine that is critical for innate and adaptive immunity. Recent evidence suggests a connection between IFN-c signaling and the sonic hedgehog (Shh) pathway in the developing brain with CNS-targeted expression of IFN-c transgene in mice. To determine the relationship between these distinct pathways, we have found that IFN-c induces a rapid Shh transcription in cultured primary granular neuron precursor (GNP) cells. The transcriptional induction of Shh by IFN-c is resistant to protein synthesis inhibition. Chromatin immunoprecipitation (ChIP) analysis reveals a direct binding of signal transducer and activator of transcription (STAT) 1 to the Shh promoter. Functional analyses, including dual immunofluorescent labeling with 5-bromodeoxyuridine (BrdU) incorporation indicate that IFN-c treatment leads to significant GNP proliferation. This mitogenic effect of IFN-c is blocked by inhibition of Shh signaling. Therefore, Shh is an IFN-c target gene and is responsible for IFN-c-induced GNP proliferation. This previously unrecognized cross-talk between IFN-c and Shh highlights a potential importance of this immune mediator in the pathogenesis of human developmental and psychiatric disorders.
Introduction
IFN-c is involved in many aspects of cell biology (Billiau, 1996) . While natural killer cells and T lymphocytes represent the most important sources for IFN-c production, cells other than those in the immune system including neurons also express IFN-c (Neumann et al., 1997b) . Signaling through the Janus kinase (JAK)/STAT pathway, binding of IFN-c to its receptor on the cytoplasmic membrane of target cells triggers the activation of the receptor, which results in phosphorylation of its transcription factor STAT1 (pSTAT1). Finally, the nuclear-translocated pSTAT1 homodimer interacts with defined DNA sequences (TTNCNNNAA) called IFNgamma-activated site (GAS) to modulate the transcription of genes regulated by IFN-c (Stark et al., 1998) . Gene profiling has identified a long list of IFN-regulated gene (IRGs) or IFN-stimulated gene (ISGs) (de Veer et al., 2001 ). However, the biological functions of most IRGs remain to be characterized. The best well-known function for IFN-c is its contribution to adaptive immunity including the critical role of clearing viral particles from CNS neurons (Binder and Griffin, 2001 ). Discovered originally in Drosophila, Shh controls the development of a variety of organ systems, including the brain (Marti and Bovolenta, 2002) . The cellular response to the Shh signal depends on Patched (Ptch) and Smoothened (Smo). Acting as a receptor for the Shh molecule, Ptch is a negative regulator of Shh signaling. Binding of Shh to the Ptch disinhibits the access of Smo to the transcription factors Gli proteins, and subsequently activates the expression of target genes including Ptch and Gli-1. As a morphogen, Shh promotes proliferation and facilitates differentiation of GNP cells, migration, and formation of the internal granular layer (IGL) in cerebellar development (Marti and Bovolenta, 2002) . In addition to normal neurodevelopment, Shh signaling pathway is also implicated in the formation of medulloblastoma (MB) (Wechsler-Reya and Scott, 2001) . A direct demonstration of this causal link between the Shh pathway and MB is revealed in animal studies including induction of MB by increases of Shh pathway activity and inhibition of tumor growth by cyclopamine (a Shh pathway inhibitor), respectively (Berman et al., 2002) .
In addition to its beneficial effects in host defense, IFN-c has also been demonstrated in association with developmental psychiatric disorders in humans such as schizophrenia (Kim et al., 2004) and autism (Sweeten et al., 2004) . However, the molecular mechanisms for IFN-c in pathogenesis of these neurodevelopmental disorders are unknown. Because of the complexity of the CNS, the neurobiology of IFN-c in the brain remains poorly understood (Stoll et al., 2000) . Nevertheless, association of IFN-c with neurode-
